INTRODUCTION {#SEC1}
============

Helicases are adenosine triphosphate (ATP) hydrolysis-driven molecular motors that translocate unidirectionally along DNA phosphodiester backbone to separate stable DNA duplexes into single strands ([@B1]). They are essential for all nucleic acid metabolic transactions in living organisms to ensure a faithful transmission of the genetic information ([@B1],[@B2]). The fundamental importance of helicases is highlighted by the fact that defects in helicase functions lead to human diseases characterized by genome instability and varieties of cancers ([@B3]).

Pif1 helicases are widely found in eukaryotes from yeast to human ([@B4],[@B5]). ScPif1, as a prototypical member of the Pif1 family, is a 5′-to-3′-directed DNA helicase family and belongs to the superfamily 1 (SF1) of helicases.This protein was originally discovered by a genetic screen for mutations that affected mitochondrial DNA stability ([@B6]). Further studies have shown that Pif1 has wider roles than previously suggested. So far, the knowledge of the essential functions of Pif1 mainly comes from yeast genetic studies and biochemical characterizations of both yeast and human Pif1. The main functions of Pif1 family helicases can be summarized as: (i) Pif1 helicases maintain and stabilize mitochondrial (mt) DNA. In *Saccharomyces cerevisiae*, Pif1 (ScPif1) is associated throughout the mtDNA genome, suggesting that it prevents and/or is involved in DNA double-strand breaks (DSBs) repair at the mtDNA level or is part of the mitochondrial replisome ([@B7]--[@B9]). (ii) They negatively regulate telomere length by displacing telomerase from DNA end. Cellular and biochemical studies have revealed that ScPif1 displaces telomerase (Est2p) from the telomere end by its helicase activity ([@B7]). Interestingly, overexpression of heterologous human Pif1 protein (hPif1) in *pif1*Δ yeast strains prevents telomere lengthening and is nearly as effective as its yeast counterpart ([@B8]), suggesting that this negative regulation mechanism is conserved from yeast to human. This activity appears also necessary to prevent telomeric repeat addition at the end of DSBs ([@B7]). (iii) Besides the displacement of telomerase from the telomere end, genetic studies suggest that the second Pif1 protein in yeast, ScRrm3P, may be able to disrupt stable non-nucleosomal protein--DNA complexes at the sites where replication forks pause ([@B9],[@B10]). Thus, Rrm3p may help to resolve 'collisions' between transcription and replication processes through its disruption activity of protein--DNA/RNA complexes ([@B11]). (iv) Pif1 helicases unfold G-quadruplex (G4) structures and prevent replication-fork stalling at G-quadruplexes. Genetic studies have established that failure of untangling G4 in Pif1-deficient cells impedes DNA transactions and leads to replication-fork impairment, unusual epigenetic silencing and significant chromosomal rearrangements ([@B8]). Among the various helicases having the ability to resolve G4 structures, it was previously shown that ScPif1 possesses a particularly high G4-unwinding activity, at least *in vitro* ([@B12]). (v) Pif1 helicases enhance the maturation of Okazaki fragments. In eukaryotic systems, Okazaki fragments are initiated by DNA polymerase α/primase (pol α) ([@B13]) followed by the action of DNA polymerase δ which, at the 5′-end of the downstream Okazaki fragment, displaces the end into a flap. Genetic evidences have suggested that Pif1 influences the flap processing by lengthening displaced flaps ([@B14]).

Although eukaryotic Pif1 helicases play multiple roles in nuclei and mitochondria, with several of them that appear to be specific to eukaryotic organisms, Pif1 helicases are also widely found in various prokaryotes ([@B15]) and comparative sequence analysis shows that the essential domains and motifs for performing helicase activity are highly conserved between eukaryote and prokaryote helicase families ([@B15]), raising the question of the possible physiological roles of prokaryotic Pif1 helicases. To date, no extensive biochemical characterization in terms of enzymatic activity and DNA substrate specificity of a prokaryote Pif1 family member has been performed, although the ability of prokaryotic Pif1 helicases to unwind G4-DNA structures has been recently reported ([@B12]).

To gain insight into the possible functions of prokaryotic Pif1 helicases, we expressed and purified the full-length Pif1 protein from *Bacteroides sp. 3_1\_23* (BsPif1) and characterized its DNA-binding and unwinding properties using a wide range of possible physiological DNA substrates. We demonstrate that the recombinant BsPif1 protein binds to a wide range of DNA substrates and displays efficient unwinding activities with a large variety of DNA substrates involved in DNA replication, repair and recombination. Interestingly, from many aspects, BsPif1 is different from yeast Pif1, but qualitatively resembles human Pif1 with regard to substrate specificity, helicase activity and mode of action.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents, buffers {#SEC2-1}
-----------------

All chemicals were reagent grade and all buffers were prepared using high quality deionized water from a Milli-Q ultrapure water purification system (Millipore) having resistivity greater than 18.2 MΩ.cm and further filtered with a 0.20-μm filter before use. All chemicals were purchased from Sigma unless otherwise indicated.

Oligonucleotide substrates {#SEC2-2}
--------------------------

The DNA substrates used in unwinding and DNA-binding assays as well as in dynamic light scattering (DLS) experiments were purchased from Shanghai Sangon Biological Engineering Technology & Services Co., Ltd (Shanghai, China). The structures, sequences of unlabeled or fluorescently labeled DNA substrates are shown in Supplementary Table S1. The protein trap used for single-turnover kinetic experiments was a 56-nt poly(dT), dT~56~. All synthetic oligonucleotides were purified using denaturing polyacrylamide gel electrophoresis before storage in buffer D (10 mM Tris--HCl, pH 8.0, 1 mM EDTA) at −20°C. Concentrations of single-stranded oligonucleotides were determined spectrophotometrically based on extinction coefficients calculated by the nearest neighbor method. A 2 μM working stock of duplex or G4 DNA was prepared by mixing equimolar concentrations of complementary single-stranded oligonucleotides in a 20 mM Tris--HCl buffer (pH 7.5) containing 100 mM KCl. After heating the mixture to 95°C for 5 min, oligonucleotides were annealed by slow cooling to room temperature. The various duplex and G4 DNA substrates were stored at −20°C.

Protein expression and purification {#SEC2-3}
-----------------------------------

The gene encoding BsPif1 protein (Genebank number: WP_008647876.1) was amplified with genomic DNA prepared from *Bacteroides sp. 3_1\_23* strain. The amplified polymerase chain reaction (PCR) products were cloned into pET15b-SUMO (Invitrogen) using ExTaq PCR (Takara) according to the manufacturer\'s protocol. In this system, BsPif1 was tagged with an N-terminal Sumo fusion domain preceded by a 6x-His tag. All constructs were verified using PCR screening and sequencing (Invitrogen, Shanghai).

The BsPif1 expression vector was transformed into the *Escherichia coli* strain BL21(DE3) and cultures were performed at 37°C until an OD~600~ of ∼0.6 and then incubated overnight with 0.4 mM IPTG at 18°C. After centrifugation, the cell pellets were re-suspended in lysis buffer (20 mM Tris--HCl pH 8.0, 500 mM NaCl, 10 mM Imidazole and 10% glycerol (v/v)). The cells were sonicated and then centrifuged at 12 000 rpm for 40 min. Before loading on a Ni^2+^ charged IMAC column (GE Healthcare), the samples were filtered through a 0.45-μm filter. The protein was then eluted from the Ni^2+^ affinity column by running a 20--300 mM imidazole gradient in a 20 mM Tris--HCl buffer (pH 8.0), 500 mM NaCl and 10% glycerol (v/v). The eluted protein was incubated with Sumo protease (Invitrogen, Beijing) for 20h at 4°C and dialyzed against the lysis buffer at 4°C overnight. Then the Sumo-digested proteins were loaded on a Ni^2+^ affinity column (equilibrated in the lysis buffer) and flow through. The protein was dialyzed against buffer Q (20 mM Tris--HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM Dithiothreitol (DTT) and 5% glycerol (v/v)), and loaded on a Source Q column (GE Healthcare). The protein was then eluted by a NaCl gradient (200--1000 mM in buffer Q). The eluted fraction containing BsPif1 was collected, concentrated and was further purified by gel filtration using a Superdex 200 10/300 GL column. The final purified protein was dialyzed against the storage buffer (20 mM Tris--HCl, pH 7.4, 350 mM NaCl, 1 mM DTT and 20% glycerol (v/v)) and was stored at −80°C.

To produce an ATPase activity deficient mutant, the conserved glutamic acid at position 106 in the ATP hydrolysis motif II (DEIS) was mutated to alanine, resulting in the BsPif1^E106A^ mutant. The point mutation was constructed using recombinant PCR, with the desired mutations introduced in the internal mutagenic primers (Forward E106A: 5′-ctgctgattattgatgcgattagcatggtgcgc and Reverse E106A: 5′-gcgcaccatgctaatcgcatcaataatcagcag). To ensure that only the desired mutation was introduced, the PCR portions were sequenced. The procedure for expression and purification of the BsPif1^E106A^ mutant was the same as the wild-type protein. After purification, the purity of wt or BsPif1^E106A^ protein was ≥95% as judged by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Supplementary Figure S1). The *E. coli trp* repressor was overexpressed and purified according to Czernik at *al*. ([@B16]).

Determination of the BsPif1 molecular weight: dynamic light scattering (DLS) {#SEC2-4}
----------------------------------------------------------------------------

DLS measurements were performed at 25°C using a DynaPro NanoStar instrument (Wyatt Technology Corporation, USA) equipped with a thermostated cell holder ([@B17]). All solutions were filtered using 0.1 μm-filters. The protein concentration was 2.0--8.0 μM in DLS buffer (50 mM Tris--HCl pH 7.5, 100 mM NaCl, 1 mM DTT) (total volume, 30 μl). The scattered light was collected at an angle of 90°. Recording times were typically in the 3--5 min range (18--30 cycles in average of 10 s each). The analysis was performed with the Dynamics 7.0 software using regularization methods (Wyatt Technology Corporation, USA). The resulting diffusion coefficient (*D*) was used for the calculation of the hydrodynamic (Stoke) radius (*R*~h~) using the relationship:$\documentclass[12pt]{minimal}
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}{}\begin{equation*} M_{\rm W} ({\rm kDa}) = (1.68 \times R_{\rm h} )^{2.34} \end{equation*}\end{document}$$

Determination of the BsPif1 molecular weight: size exclusion chromatography {#SEC2-5}
---------------------------------------------------------------------------

Size exclusion chromatography was performed at 25°C, using an FPLC system (GE healthcare), on a Superdex 200 (analytical grade) column equilibrated with buffer S (20 mM Tris--HCl, pH 7.4, 500 mM NaCl, 1mM EDTA, 1 mM DTT and 5% glycerol (v/v)). Elution was performed using the same buffer. A total of 20 μl of 2--6 μM BsPif1 was loaded on the column and was eluted at a flow rate of 0.4 ml/min in buffer S, and absorbances were monitored at 280 and 260 nm. It is well known that proteins migrate through a gel filtration column as a function of both the molecular weight and the molecular shape. The *R~h~* value characterizing BsPif1 was determined from the plot of log *R~S~* versus *K*~av~ using the different Stokes radii of the standards. The partition coefficient *K*~av~ was calculated using the formula:$\documentclass[12pt]{minimal}
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}{}$K_{{\rm av}} = (V_{\rm e} - V_{\rm 0} )/(V_{\rm t} - V_{\rm 0} )$\end{document}$, where *V*~e~ is the elution volume of the sample, *V*~0~ is the excluded volume of the column, and *V*~t~ is the total volume of the column. The excluded volume, *V*~0~ (7.52 ml), and the total volume, *V*~t~ (23.5 ml) were measured by calibration with dextran blue and thymidine. The calibration plot of log *R*~S~ versus *K*~av~ was constructed using a high and low molecular weight calibration kit from Sigma: cytochrome c (12.4 kDa; *R*~h~ = 12 Å), carbonic anhydrase (29 kDa; *R*~h~ = 22.5 Å), albumin (67 kDa; *R*~h~ = 35.5 Å), phosphorylase b (97.4 kDa; *R*~h~ = 38.75 Å) and thyroglobulin (669 kDa; R~h~ = 85 Å). Assuming similar shape factors, the calibration plot allowed the determination in a first approximation of the molecular weight of BsPif1.

Equilibrium DNA-binding assay {#SEC2-6}
-----------------------------

The binding of BsPif1 to fluorescein-labeled DNA substrates was analyzed by fluorescence polarization assay using Infinite F200 instrument (TECAN). Varying amounts of protein were added to a 150 μl solution of buffer A (25 mM Tris--HCl, pH 7.5, 50 mM NaCl, 2 mM MgCl~2~ and 2 mM DTT) containing 5 nM fluorescein-labeled DNA. Each sample was allowed to equilibrate in solution for 5 min. After 5 min, the steady-state fluorescence anisotropy (*r*) was measured. A second reading was taken after 10 min, in order to ensure that the mixture was well-equilibrated and stable. Less than 5% change was observed between the 5- and 10-min measurements. The equilibrium dissociation constant was determined by fitting the binding curves using Equation ([2](#M2){ref-type="disp-formula"}): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} \Delta r = \Delta r_{\max } \times P/(K_{\rm d} + P)\end{equation*}\end{document}$$where Δ*r*~max~ is the maximal amplitude of the anisotropy ( = *r*~max,complex~ -- *r*~free\ DNA~), *P* is the helicase concentration and *K*~d~ is the midpoint of the curve corresponding to the apparent dissociation constant.

Stopped-flow FRET measurements {#SEC2-7}
------------------------------

We used a stopped-flow FRET assay ([@B18]) for measuring unwinding kinetic rate constants of BsPif1, using doubly labeled DNA substrates, with fluorescein and hexachlorofluorescein as a donor and acceptor, respectively. The stopped-flow FRET assay was carried out using a Bio-Logic SFM-400 mixer with a 1.5 × 1.5 mm cell (FC-15, Bio-Logic, France) and the Bio-Logic MOS450/AF-CD optical system equipped with a 150-watt mercury-xenon lamp ([@B18]). Fluorescein was excited at 492 nm (2-nm slit width) and its emission was monitored at 525 nm using a high pass filter with 20-nm bandwidth (D525/20; Chroma Technology Co.). Unwinding kinetics were measured in a two-syringe mode, where BsPif1 helicase and DNA substrates were pre-incubated in the unwinding reaction buffer A (25 mM Tris--HCl pH 7.5, 50 mM NaCl, 2 mM MgCl~2~ and 2 mM DTT) at 25°C for 5 min (in syringe 3) and the unwinding reaction was initiated by rapid mixing with ATP +/− protein trap (in syringe 4). All reported concentrations correspond to final concentrations, i.e. after mixing. For converting the output voltage to a percentage of unwinding, a calibration experiment was performed in a four-syringe mode, with helicase in syringe 1, hexachlorofluorescein-labeled and fluorescein-labeled single-stranded oligonucleotides in syringe 2 and 3, respectively, and ATP +/− protein trap in syringe 4. The fluorescent signal of the mixed solution from the four syringes corresponded to 100% unwinding. All of the solutions were filtered and extensively degassed just before use. The stopped-flow temperature was controlled by an external thermostated water bath (Ministat 125; Huber) and a high flux pump. The standard reaction was performed with 4 nM DNA substrates, 3 mM ATP and 100 nM BsPif1 in buffer A.

Kinetic Data Analysis: all stopped flow kinetic traces were an average of over 10 individual traces. The kinetic traces were analyzed using Bio-Kine (version 4.26; Bio-Logic, France). To determine the step-size with the n-step sequential model ([@B19]), the single-turnover unwinding data curves were fitted using Equation ([3](#M3){ref-type="disp-formula"}): $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} A(t) = A\left[ {1 - \sum\limits_{r = 1}^n {\frac{{k_{{\rm obs}}^{r - 1} t^{r - 1} }}{{(r - 1)!}}} e^{ - k_{{\rm obs}} t} } \right]\end{equation*}\end{document}$$where *A(t)* represents the unwinding amplitude as a function of time, *A* is the total unwinding amplitude and *k*~obs~ is the apparent unwinding rate constant. *n* is the number of steps required to unwind the duplex DNA. After each purification, some standard reactions, such as unwinding of duplex DNA and G4 substrates, were carried out and unwinding activities were found to be reproducible (no significant difference was observed between preparations).

ATPase assay {#SEC2-8}
------------

DNA-dependent ATPase activity was measured using a commercial ATPase assay kit according to manufacturer\'s instructions (Innova Biosciences). See more details in Supplementary Materials and Methods.

RESULTS {#SEC3}
=======

General structural and biochemical properties of purified BsPif1 {#SEC3-1}
----------------------------------------------------------------

The apparent molecular weights of the wt-BsPif1 and the BsPif1^E106A^ (*M*~W~ ≈ 50 kDa), as determined by SDS-PAGE, were consistent with the theoretical *M*~W~ (Supplementary Figure S1). To determine the oligomeric state of BsPif1 in solution, we first analyzed its elution profile in size-exclusion chromatography column. In the 2--8 μM concentration range, BsPif1 elutes as a single peak (*K*~av~ = 0.4), which corresponds to an apparent *M*~W~ of 48--50 kDa (Figure [1A](#F1){ref-type="fig"}), suggesting that BsPif1 is monomeric in solution. The oligomeric status of BsPif1 in solution was further confirmed by DLS in the same protein concentration range. The hydrodynamic radius of apo-BsPif1 was 3.17 nm (Table [1](#tbl1){ref-type="table"}), in agreement with a 47 kDa-protein, assuming a conventional degree of hydration (0.4--0.5 g H~2~O/g protein) or based on Equation ([1](#M1){ref-type="disp-formula"}) and confirming size-exclusion chromatography results.

![General biochemical properties of recombinant BsPif1. (**A**) Size-exclusion chromatography was performed as described in 'Materials and Methods' section. The elution profile corresponds to the absorbance at 280 nm. Molecular weights used for the calibration are indicated on the top axis. The insert shows the plot of standard molecular weights versus *K*~av~ values. The *K*~av~ characterizing BsPif1 (0.4) corresponds to a *M*~W~ of ∼50 kDa. Protein concentration was 3 μM (similar results were obtained using BsPif1 concentrations from 2 to 8 μM). (**B**) pH-dependent BsPif1 unwinding activity. A total of 30 mM Na-MES and Tris--HCl buffers containing 50 mM NaCl and 2 mM MgCl~2~ were used for the pH intervals 6.0--7.0 and 7.2−9.0, respectively. ATP and DTT concentrations were 3 and 2 mM, respectively. (**C**) BsPif1 unwinding activity as a function of DTT concentration. Unwinding activity was assayed in the presence of increasing DTT concentrations in a Tris--HCl buffer (pH 7.5) containing 50 mM NaCl, 2 mM MgCl~2~ and 3 mM ATP. (**D**) BsPif1 unwinding activity in the presence of various nucleotides (1 mM). Reactions were performed in buffer A (25 mM Tris--HCl, pH 7.5, 50 mM NaCl, 2 mM MgCl~2~ and 2 mM DTT). The unwinding rates (solid bars) and reaction amplitudes (hatched bars) were determined as described under 'Materials and Methods' section. (**E**) Metal ion substitution for Mg^2+^ in BsPif1-catalyzed unwinding reaction. Helicase reaction was performed as explained under the standard unwinding condition using 3 mM ATP in the presence of various metal ions (2 mM). All unwinding assays in panels B--E were performed using 100 nM BsPif1 and 4 nM DNA substrate (5′-Oh**~S26D17~**). (**F**) ATPase activity of BsPif1. The initial rate of ATP hydrolysis, determined as explained in Supplementary Materials and Methods using 50 nM BsPif1 in the presence of a 67-mer ss oligonucleotide (25 μg/ml), on ATP concentration. Reactions were carried out in buffer A at 37°C. Data were fitted to the Michaelis--Menten equation. V~max~ was estimated to be 99 μM·min^−1^ and *k*~cat~ = 1980 min^−1^ (\[BsPif1\]~TOTAL~ = 50 nM); *K*~M~ = 0.2 μM.](gkv916fig1){#F1}

###### Hydrodynamic radius of BsPif1 helicase +/− DNA or +/− ATP-γ-S as determined by DLS

  Substrate/ligands   Concentration   Radius (nm)   %Mass        Calculated mass (kDa)
  ------------------- --------------- ------------- ------------ -----------------------
  BsPif1              3 μM            3.17 ± 0.29   99.9 ± 0.1   47 ± 2.7
  +ATPγS              1 mM            3.18 ± 0.12   99.8 ± 0.2   49 ± 4.3
  +ssDNA (16nt)       3 μM            3.20 ± 0.11   100 ± 0.1    51 ± 6.7
  +G4 DNA             3 μM            3.30 ± 0.17   97.7 ± 2.2   55 ± 10.2

To address whether BsPif1 ligands could induce oligomerization of Pif1, we further determined the hydrodynamic radius of BsPif1 helicase complexed with either DNA (ssDNA or G4), or ATP-γ-S, a nonhydrolyzable ATP analogue. DLS results show that the hydrodynamic radii characterizing the different complexes correspond to *M*~W~ between 49 and 55 kDa (Table [1](#tbl1){ref-type="table"}), indicating that neither DNA (16-nt ssDNA or G4 DNA) nor ATP-γ-S significantly influenced the oligomeric status of BsPif1 which was consistently monomeric, regardless of the experimental condition. This is in sharp contrast with ScPif1 which has been shown to be monomeric in solution, but shifted toward a dimeric form upon binding to DNA ([@B20]) and may reflect intrinsic and specific properties of BsPif1 in terms of structural organization.

In order to determine experimental conditions compatible with optimal DNA unwinding activity, we next characterized the effects of pH, DTT concentration, nature of the nucleotides, divalent cations and the ratio of ATP/Mg^2+^ on the BsPif1-catalyzed unwinding rate constant and the reaction amplitude using a 26-nt over-hanged 17-bp DNA (5′Oh~S26D17~; Supplementary Table S1). The unwinding rate, as determined by stopped-flow FRET experiments ([@B21]), displayed a bell-shaped response as a function of pH with an optimal response in the pH range of 7.2--8.5 (Figure [1B](#F1){ref-type="fig"}). The rate value was also strongly dependent on DTT concentration, with an optimum response at 2 mM (Figure [1C](#F1){ref-type="fig"}). We next determined whether BsPif1, like its eukaryotic homolog ScPif1, has a preference for adenosine nucleotides (ATP and dATP) as an energy source ([@B6]). The unwinding activity was then assayed in the presence of the different types of nucleotides triphosphates (NTP) and deoxynucleotide triphosphates (dNTP). Under identical experimental conditions, all nucleotides promoted helicase activity of BsPif1 in a similar manner, except for GTP or dGTP which led to 50--60% of the maximum helicase activity in terms of unwinding kinetic rate (Figure [1D](#F1){ref-type="fig"}). When ATP was replaced by AMP--PNP or using an ATP-hydrolysis deficient mutant BsPif1^E106A^, no helicase activity was observed (Figure [1D](#F1){ref-type="fig"}). These results indicated that BsPif1 helicase can use the energy derived from the hydrolysis of a wide range of nucleotides to unwind DNA. Regarding the influence of the metallic cofactor, BsPif1 was fully and equally active for DNA unwinding in the presence of either Mg^2+^ or Mn^2+^ (Figure [1E](#F1){ref-type="fig"}). This activity was significantly reduced in the presence of cobalt, copper, iron, zinc, calcium or nickel (Figure [1E](#F1){ref-type="fig"}). Characterization of the unwinding activity as a function of the ATP/Mg^2+^ ratio indicated that the optimum ratio was ≈1.5 (Supplementary Figure S2A--C).

ATP hydrolysis activity of BsPif1 as a function of ATP concentration displayed a classical Michaelis--Menten curve with a catalytic rate constant of 1980 min^−1^ at 37°C (Figure [1F](#F1){ref-type="fig"}), a value which is comparable to the values of 1000 min^−1^ at 30°C and 5000 min^−1^ at 37°C for hPif1 and ScPif1, respectively ([@B6],[@B22]). Another important parameter, which characterizes helicase family members, concerns the DNA unwinding polarity. It is defined by the backbone polarity of the flanking ssDNA that promotes unwinding initiation and defines in turn the direction of helicase movement along this strand. To determine the polarity of the BsPif1 helicase, the partial duplex DNA substrates with either 3′- or 5′- single-stranded overhang were used (3′-Oh~S14D16~ and 5′-Oh~S14D16~, respectively). Clearly, BsPif1 unwound the 5′-ss overhang-containing substrate only (Supplementary Figure S2D), indicating that BsPif1 is a unidirectional helicase with a 5′-3′ polarity, in accordance with all Pif1 family helicases characterized so far ([@B23]).

BsPif1 binds to a broad range of DNA substrates {#SEC3-2}
-----------------------------------------------

To probe possible physiological functions of BsPif1 in cell, we first studied the DNA-binding properties using a variety of DNA substrates which resemble intermediates of DNA transactions (Figure [2A](#F2){ref-type="fig"}). The binding dissociation constant (*K*~d~) for each DNA substrate was determined by steady-state fluorescence anisotropy (see 'Materials and Methods' section and Supplementary Figure S3). The determined binding site-size is about 8∼10 nt (Supplementary Figure S4) and the *K*~d~ values are summarized in Table [2](#tbl2){ref-type="table"}. The binding affinity of BsPif1 for the different DNA substrates can be classified into three levels according to the determined *K*~d~ values (Figure [2B](#F2){ref-type="fig"}): (i) BsPif1 displays relatively higher binding affinities, with *K*~d~ values ranging from 20 to 40 nM, for a 'Y-structure' DNA substrate (Y-S), ssDNA (S16), a partial duplex DNA with 5′- or 3′-overhanged ssDNA (3′-Oh and 5′-Oh), three way junction DNA (TWJ), G4 and G4 with 3′- or 5′-overhanged ssDNA (substrates: G4, 3′-G4 and 5′-G4); (ii) BsPif1 binds to 5′- or 3′-flap-containing DNAs (5′-FL and 3′-FL) and bubble-containing DNA (BS4 and BS12) with intermediary *K*~d~ values, ranging from 55 to 75 nM; (iii) BsPif1 displays lower binding affinities with *K*~d~ values higher than 140 nM for blunt-ended dsDNA (D16) and Holliday junction DNA (HJ). In summary, BsPif1 formed stable protein--DNA complexes with all of the substrates tested and with the highest affinity obtained for the forked duplex DNA (Y-S) (*K*~d~ = 18.4 nM) and the lowest affinity for the blunt-end dsDNA (*K*~d~ = 232.1 nM). Interestingly, the determined *K*~d~ values for all these G4 substrates and the Y-structure DNA were comparable. This is in sharp contrast to the results obtained with ScPif1 which binds to G4 DNA 500-fold better than Y-structure ([@B12]) .

![Binding and unwinding characteristics of BsPif1 helicase using various DNA substrates. (**A**) Schematic presentation of the DNA substrates used in the binding and unwinding experiments. (**B**) BsPif1 binds to a broad range of DNA substrates. A total of 5 nM of fluorescently labeled DNA substrate was titrated with increasing concentrations of BsPif1. The dissociation constants (*K*~d~) were derived from the fits of experimental curves obtained at 25°C as described in 'Materials and Methods' section. Error bars indicate S.D (*n* = 3--4). Binding isotherms are shown in Supplementary Figure S3 and *K*~d~ values are summarized in Table [2](#tbl2){ref-type="table"}. (**C**) BsPif1-catalyzed unwinding kinetics with various DNA substrates. Unwinding reactions were performed and analyzed as described in 'Materials and Methods' section. The plots shown in panel C are representative of three independent experiments.](gkv916fig2){#F2}

###### Binding and unwinding parameters for different substrates**\***

  ---------------------
  ![](gkv916tbl2.jpg)
  ---------------------

BsPif1 unwinds a broad range of DNA substrates but prefers 5′-tailed duplex DNA substrates {#SEC3-3}
------------------------------------------------------------------------------------------

Different structured DNAs were labeled appropriately with fluorescent groups to determine both unwinding rate constants and reaction amplitudes by stopped-flow FRET assay ([@B18]). Among the various DNA substrates tested (results are explicitly shown in Figure [2C](#F2){ref-type="fig"} for eight substrates; results relative to other substrates are summarized in Table [2](#tbl2){ref-type="table"}), a common feature for DNA structures efficiently unwound corresponds to the presence of a 5′-ss tail. This is the case for 5′-ss overhang-containing DNA substrate (5′-Oh~S12D20~), Y-S and 5′-FL. Their substrate counterparts or other DNA structures with 3′-ss overhang or without ss overhang display no or lower activities such as 3′-FL, TWJ and HJ, BS4 and BS12 (Figure [2C](#F2){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}). To note, the property that BsPif1 unwinds more efficiently 5′-ss overhang duplex DNA than forked duplex DNA is again in sharp contrast to the situation of ScPif1 which is intrinsically more active for unwinding Y-structure than 5′-ss overhang duplex DNA ([@B24]), but closely resembles hPif1 from this point of view ([@B23]). Previous studies have shown that ScPif1 accelerate DNA annealing ([@B25]). We confirmed that, in our hands, ScPif1 was competent for promoting DNA annealing; however, under identical experimental conditions, BsPif1 failed to catalyze DNA annealing (Supplementary Figure S5).

Kinetic properties of BsPif1-mediated DNA unwinding {#SEC3-4}
---------------------------------------------------

We next determined enzymatic parameters of BsPif1 such as the unwinding rate constant, step-size and processivity. To compare with kinetic properties of ScPif1, recently characterized by others ([@B24]), we used a series of 14-nt-tailed ssDNA/dsDNA substrates with varying lengths of the duplex region, from 12- to 20-bp to determine the kinetic step-size. The experiments were performed under single-turnover experimental conditions and the characteristic unwinding curves for 12-, 16- and 20-bp duplex substrates are shown in Figure [3A](#F3){ref-type="fig"}. The unwinding amplitude decreased and the lag phase increased when increasing the length of the duplex region, indicating that BsPif1 takes more steps to unwind long duplex DNA and is prone to dissociate before achieving complete unwinding. The kinetic parameters (unwinding rate constant, reaction amplitude, number of steps) measured with substrates having different lengths of the duplex region were determined by fitting unwinding curves using Equation ([3](#M3){ref-type="disp-formula"}). The plot of the number of steps required to unwind the duplex DNA against the length of the duplex region was fitted by a linear equation, yielding a slope and an x-intercept values of 1 and 4, respectively (Figure [3B](#F3){ref-type="fig"}). These parameters suggest that the global kinetic step-size (m) of BsPif1 is 1 and the number of base pairs spontaneously melt is 4. The step-size of BsPif1 is identical to the one previously determined with ScPif1, even though the number of base pairs spontaneously melt as determined under our experimental condition is lower (6-bp for ScPif1 reported in ([@B24])). Furthermore, we determined the BsPif1 processivity using the following relationship:$\documentclass[12pt]{minimal}
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}{}$A = A_0 \times P^{(L/m)}$\end{document}$, where *L* is the length of the duplex region, *m* is the step-size parameter and *A*~0~ the initial amplitude. We found that the *P* value was 0.92, indicating that the average unwinding distance is about 12.5 bases ( = 1/(1--*P*)) before dissociation from DNA. The above determined values for step size, unwinding rate constant and processivity are in good agreement with those previously determined for ScPif1 ([@B24]).

![Single-turnover DNA unwinding reactions properties. (**A**) The experiments were performed using 4 nM of 14-nt tailed duplex DNAs with varying lengths of the duplex region (from 12- to 20-bp) (see Supplementary Table S1 for substrate sequences). The unwinding reaction was initiated by adding 3 mM ATP and 5 μM dT~56~ as protein trap at 25°C. The solid lines correspond to the best fits using Equation ([3](#M3){ref-type="disp-formula"}) and leading to *n* = 8, 12 and 16 for the 12-, 16- and 20-bp substrates, respectively. Fitted values corresponding to reaction amplitudes (*A*) and apparent kinetic rate constants (*k*~obs~) are summarized in Table [3](#tbl3){ref-type="table"}. (**B**) Number of steps required for DNA unwinding as a function of the length of the duplex region. The linear fit gives a slope of 1 ( = step-size) and x-intercept of 4 ( = number of bp spontaneously melt). (**C**) Single-turnover unwinding kinetics at different ATP concentrations. DNA substrate (5′ Oh~S26D17~) and BsPif1 concentrations were 4 and 100 nM, respectively and the unwinding reaction was initiated with various ATP concentrations. The single-turnover unwinding rate constants, *k*, were fitted using a single-exponential model and are reported on the y-axis in panel **D**. (D) Plot of *k* as a function of ATP concentration. The best fit was obtained with a standard hyperbolic saturation function, *k* = *k*~max~ \[ATP/(ATP + *K*~d,ATP~)\], giving *K*~d,ATP~ = 50.4 ± 1.7 μM. The plots in panels A and C are representative of three independent experiments.](gkv916fig3){#F3}

###### DNA unwinding parameters of single-turnover kinetics

                     5′-Oh~S14D12~   5′-Oh~S14D16~   5′-Oh~S14D20~
  ------------------ --------------- --------------- ---------------
  Amplitude          0.61 ± 0.05     0.45 ± 0.02     0.15 ± 0.04
  *k*~obs~ (s^-1^)   41.6 ± 0.07     43.4 ± 0.03     39.13 ± 0.04

To get deeper insight into the relationship between unwinding activity and ATP concentration, we performed unwinding kinetics using 5′-Oh~S26D17~ under single-turnover conditions in the presence of varying ATP concentrations (from 0.05 to 1 mM). The unwinding reaction was initiated by addition of 5 μM dT~56~ and ATP. Typical unwinding time-courses are shown in Figure [3C](#F3){ref-type="fig"}. The *k* values, as deduced from Figure [3C](#F3){ref-type="fig"}, were plotted against ATP concentration giving typical hyperbolic curves (Figure [3D](#F3){ref-type="fig"}) suggesting that BsPif1 unwinding activity does not display cooperativity on ATP concentration. Therefore, this excludes that the functional state of the active BsPif1 is a multimer ([@B26]). It also excludes an alternative explanation that BsPif1 binds cooperatively to DNA as a monomer ([@B27]). Together, the size-exclusion chromatography, DLS results and the stopped-flow experiments show that monomeric BsPif1 binds to DNA in a non-cooperative manner and probably functions as a monomer.

BsPif1 unwinds more specific structured DNA {#SEC3-5}
-------------------------------------------

Previous genetic and biochemical characterizations of yeast or human Pif1 showed that Pif1 enhances Okazaki fragment maturation by lengthening displaced flaps ([@B28]--[@B31]), rescues stalled replication fork ([@B8],[@B12]) and promotes the migration of D-loop through unwinding newly-synthesized DNA strand ([@B32],[@B33]). To study whether BsPif1, like its eukaryotic homologs, has the ability to resolve these DNA metabolic intermediates, we tested a series of DNA substrates mimicking intermediates of Okazaki fragment processing, three way junctions and D-loop DNAs. For each DNA substrate, we determined the unwinding rate constant and the corresponding reaction amplitude using the stopped-flow FRET method.

Like its human homolog, BsPif1 efficiently unwinds 5′-flap structures although BsPif1 was more efficient with the downstream primer (5′-Flap~30~-A; 5′-flap primer was labeled) than the upstream primer (5′-Flap~30~-B; leading strand was labeled) (2.9 s^−1^ versus 2.5 s^−1^, respectively; Figure [4A](#F4){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}). However, BsPif1 was inefficient to unwind a TWJ-like DNA (TWJ-Flap~20-A~) which corresponds to a branched molecule having three duplex arms, mimicking a stalled replication fork with double-stranded leading and lagging strands (Figure [4A](#F4){ref-type="fig"}). Interestingly, when the pair of fluorophores was labeled on opposite positions (TWJ-Flap**~20-B~**), allowing the measurement of the leading strand unwinding (Figure [4A](#F4){ref-type="fig"}), we found a significantly higher unwinding activity of BsPif1 (2 s^−1^; reaction amplitude of 64%). These properties relative to the unwinding of the TWJ substrate by BsPif1 are comparable with hPif1, for which the unwinding of the fragment associated with the lagging strand was undetectable while the reaction amplitude relative to the leading strand was 60--65%, as deduced from gel-shift assay ([@B23]). BsPif1 activity was also tested on a DNA substrate mimicking a D-loop. The D-loop structure was originally discovered in mammalian mitochondrial DNA ([@B34]). As shown in Figure [4A](#F4){ref-type="fig"}, BsPif1 significantly unwinds the D-loop with an unwinding rate constant of 0.21 ± 0.01 s^−1^ and a reaction amplitude of 68% (Table [2](#tbl2){ref-type="table"}).

![BsPif1 unwinds more specific structured DNA and RNA substrates. (**A**) BsPif1-mediated unwinding of flap, three way junction and D-loop DNA structures (the fluorescently labeled DNA substrates are shown in Supplementary Table S1). All curves represent the average of at least 10 individual traces and the different plots are representative of three independent experiments. The kinetic rate constants *(k*) and reaction amplitudes (*A*) are reported in Table [2](#tbl2){ref-type="table"}. (**B**) R-loop unwinding as a function of ATP concentration (from 1 to 3 mM). *k* and *A* were 0.82 ± 0.01 s^−1^ and 0.38 ± 0.01 for 1 mM ATP and 0.79 ± 0.01 s^−1^ and 0.32 ± 0.01 for 3 mM ATP. (**C**) Unwinding of DNA--DNA (5′-Oh~30~) and RNA--DNA (S~30~D/R~12~) substrates. (**D**) RNA--DNA unwinding as a function of the ss-tail length or the duplex region length. Fitted values of *k* and *A* are summarized in Table [2](#tbl2){ref-type="table"}. Protein and DNA concentrations were 100 and 4 nM, respectively.](gkv916fig4){#F4}

BsPif1 unwinds R-loop and DNA/RNA duplexes {#SEC3-6}
------------------------------------------

An R-loop is formed on a duplex DNA when a RNA sequence is stably base-paired with one of the DNA strands, resulting in displacement of the other DNA strand as a single-stranded loop. Although R-loop corresponds to key intermediates which are involved in specific cellular processes, its accumulation in cells may influence gene expression and is a potential source of genome instability ([@B35]). The ability of BsPif1 to unwind R-loop was tested using a substrate formed by the hybridization of a hexachlorofluorescein-labeled RNA with a fluorescein-labeled DNA (Figure [4B](#F4){ref-type="fig"}). We found that BsPif1 sustained a significant activity of R-loop unwinding with an unwinding rate constant of 0.79 s^−1^. This unwinding activity was nearly constant in the 1--3 mM ATP concentration range (Figure [4B](#F4){ref-type="fig"}).

It was previously reported that ScPif1 unwinds more efficiently the RNA/DNA substrate than the DNA/DNA duplex ([@B36]). To evaluate whether BsPif1 displays similar features, the unwinding activity of BsPif1 on DNA/DNA and DNA/RNA duplexes was studied using substrates having the same length for both ss and ds regions and the same nucleotide sequence. We found that, in contrast to ScPif1, BsPif1 was more potent for unwinding the DNA/DNA substrate than the RNA/DNA substrate both in terms of unwinding rate constants (2.5 s^−1^ versus 0.5 s^−1^) and reaction amplitudes (86 versus 61%) (Figure [4C](#F4){ref-type="fig"}). We also found that the 5′-ssDNA overhang length significantly influences the RNA/DNA unwinding activity. When the ss-DNA length was increased from 20 to 30 nt (substrates S~20~D/R~12~ and S~30~D/R~12~; Supplementary Table S2), both the unwinding rate constant and the reaction amplitude of BsPif1-mediated RNA/DNA unwinding increased (2.72- and 1.97-fold changes, respectively)(Figure [4D](#F4){ref-type="fig"}). However, the duplex length is less critical as we observed that for a given ssDNA length (e.g. 20-nt), BsPif1 unwound 12- and 22-bp DNA/RNA duplexes (substrates S~20~D/R~12~ and S~20~D/R~22~) with similar unwinding rates and amplitudes (Figure [4D](#F4){ref-type="fig"}). This is different from the behavior observed with DNA/DNA duplexes where both parameters rapidly decreased as the duplex length increased (compare Figures [3A](#F3){ref-type="fig"} and [4D](#F4){ref-type="fig"}).

Unwinding of G-quadruplexes (G4) by BsPif1 {#SEC3-7}
------------------------------------------

To evaluate quantitatively BsPif1-mediated G4 unwinding activity, we designed a G4 substrate mimicking the stalled replication fork by G4-DNA in which the G4 motif was linked to a ssDNA at its 5′ end and to a duplex region at the 3′-end (5′- S~26~G4~D17~) (Figure [5A](#F5){ref-type="fig"} (insert)). Such a design allowed the monitoring of G4 unwinding in real time using the stopped-flow FRET assay ([@B21]). First, we checked that the assay actually accounts for the proper BsPif1-dependent G4 unwinding reaction, but not for the duplex region unwinding (Supplementary Figure S6). We then compared the catalytic parameters for BsPif1-dependent unwinding of G4 structures and the partial duplex DNA unwinding by using a partial duplex DNA which contains or not a G4 motif insertion at the ss/dsDNA junction (Figure [5A](#F5){ref-type="fig"}). BsPif1-dependent unwinding of the two DNA structures were comparable in terms of reaction amplitude (90%) with, however, a higher kinetic rate constant for 5′-S~26~D~17~ (2.9 s^−1^) than 5′- S~26~G4~D17~ (1.8 s^−1^) (Figure [5A](#F5){ref-type="fig"}). To note, without ssDNA tail or with a tail at the 3′-end, lower or no G4 unwinding activity was observed (Table [2](#tbl2){ref-type="table"}). Moreover, no G4 unwinding activity was observed with the ATPase deficient mutant (BsPif1^E106A^), indicating that G4 unwinding by BsPif1 is actually ATP-dependent and that G4 cannot be unwound through an alternative mechanism corresponding to an equilibrium displacement from a transient unfolded G4 structure toward a ssDNA form. The BsPif1-dependent G4 unwinding was next studied as a function of ATP concentration under single turnover experimental conditions. The curve was well-fitted with a hyperbolic saturation function (Hill coefficient of 1) (Figure [5B](#F5){ref-type="fig"}), suggesting that BsPif1 unwinds G4 structures as a monomer.

![BsPif1 unwinds G4 structures and disrupts nucleoprotein complexes. (**A**) BsPif1-dependent unwinding of a partial duplex DNA containing or not a G4 motif inserted at the ss/dsDNA junction. Protein and DNA concentrations were 100 and 4 nM, respectively. (**B**) G4 unwinding kinetic rate constant as a function of ATP concentration. The curve was fitted according to a hyperbolic saturation function, giving *K*~d,ATP~ = 22.8 ± 2.6 μM. (**C**) Time courses of BsPif1 translocation and DNA unwinding in the presence of 5 μM protein trap (T~56~). Protein (BsPif1 or *trp* repressor) and DNA (Trp-D16-HF) concentrations were 10 and 20 nM, respectively, and ATP concentration was 1 mM. The fluorescence emission of hexachlorofluorescein was recorded using excitation and emission wavelengths at 530 and 568 nm, respectively. (**D**) BsPif1-dependent disruption of the *trp* repressor from DNA in the absence of protein trap. Except for protein trap, the concentrations are similar to those used in panel C. The plots in panels A, C and D are representative of three independent experiments.](gkv916fig5){#F5}

Disruption of nucleoprotein complex {#SEC3-8}
-----------------------------------

The *trp* repressor serves as a model system to address the ability of helicases to displace DNA-binding proteins ([@B37]). The binding of *E. coli trp* repressor to the TrpEDCBA operator sequence was well-characterized and it has been shown that this interaction is characterized by a high affinity (*K*~d~ = 3.2×10^−10^ M) in the presence of L-Trp ([@B38]). We further confirmed that 0.5 mM L-Trp is optimum under our experimental condition (Supplementary Figure S7) according to a previous study ([@B37]). To evaluate whether BsPif1 is competent for disrupting a nucleoprotein complex, we designed an experiment in which the kinetic of BsPif1-dependent *E. coli trp* repressor displacement from dsDNA is monitored using the stopped-flow methodology, either by measuring FRET (Supplementary Figure S8) as mentioned above or using fluorescence enhancement of a single fluorophore (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). By determining the BsPif1-mediated unwinding of a ss/ds DNA substrate (Supplementary Table S2) in the presence or absence of 100 nM *trp* repressor protein, we found that the time course of DNA unwinding was not influenced by the presence of *trp* repressor in terms of both unwinding rate constants and reaction amplitudes (Supplementary Figure S8), suggesting that BsPif1 could efficiently displace the *trp* repressor from the TrpEDCBA operator, concomitant to DNA unwinding.

To gain further insight into the mechanism of BsPif1-mediated nucleoprotein disruption, we designed an experiment in which the kinetics of BsPif1-mediated translocation and unwinding activities were measured in the presence or absence of the *trp* repressor using a hexachlorofluorescein-labeled DNA substrate (Figure [5C](#F5){ref-type="fig"}). This substrate consists of a 16-bp partial duplex containing a TrpEDCBA operator sequence with a 22 polyT at its 5′-end and labeled with hexachlorofluorescein at the ss/dsDNA junction (Trp-D16-HF, Supplementary Table S2). First, the binding of BsPif1 alone led to a modest fluorescence enhancement (from 0.72 to 0.74; green line in Figure [5C](#F5){ref-type="fig"}); the subsequent binding of *trp* repressor resulted in a much more significant fluorescence enhancement (from 0.74 to 1.2; purple line). Upon addition of 1 mM ATP, the fluorescence signal further increased and then decreased in both situations, i.e. BsPif1 alone or BsPif1 + *trp* repressor (Figure [5C](#F5){ref-type="fig"}, blue and red lines, respectively). The increasing and decreasing phases correspond to the BsPif1 translocation from the 5′-ssDNA tail to the ss/dsDNA junction and the proper DNA unwinding of the duplex region, respectively. In the presence of protein trap, as shown in Figure [5C](#F5){ref-type="fig"}, BsPif1 did not disrupt *trp* repressor from TrpEDCBA operator, since the final fluorescence signal value corresponded to the value characterizing the DNA-bound form of *trp* repressor, suggesting a post-catalytic *trp* repressor re-binding to DNA. However, in the absence of protein trap, allowing multiple turnovers of BsPif1 or, alternatively, the concerted action of multiple proteins on the same substrate, the result was clearly different; after the increasing phase, the amplitude of the decreasing phase was much larger with a final value of fluorescence intensity corresponding to *trp* repressor-free DNA (Figure [5D](#F5){ref-type="fig"}). To note, the final values also indicate that BsPif1 did not dissociate from DNA when it reached the DNA 3′-end, regardless of the condition, single or multiple turnover, with probably one protein which remains associated with the DNA 3′-end in both conditions. Our results indicate that in the latter case (multiple turnover condition), BsPif1 efficiently displaced the *trp* repressor from the TrpEDCBA operator concomitantly to unwinding. This BsPif1-dependent protein disruption property is similar to the previous observation of a DNA-binding protein displacement by the concerted action of multiple Dda helicases aligned along ssDNA ([@B39]).

DISCUSSION {#SEC4}
==========

In this study, we characterized the biochemical properties of the purified recombinant Pif1 helicase from *Bacteroides sp. 3_1\_23* in terms of hydrodynamics and enzymatic properties. We found that BsPif1 functions as a monomer, and binds to a broad range of DNA substrates with, however, preferences toward structured DNAs in terms of affinity. Among the different DNA substrates, BsPif1 efficiently unwinds various structured DNAs including partial duplex DNA, fork-like substrates, D-loop and flap-like substrates. These observations indicate that BsPif1 helicase, like its eukaryotic homologues, may act at stalled DNA replication forks and enhance Okazaki fragment maturation. Thus BsPif1 helicases may have the potential ability to resolve many DNA substrate structures formed in the cell context at various stages of DNA metabolism including replication, transcription, repair and chromosome segregation.

Surprisingly, BsPif1 displays notable differences with ScPif1, but resembles human Pif1 in several qualitative aspects: (i) although the oligomeric state of human Pif1 is not yet determined, ScPif1 exists as a monomer in solution but becomes dimeric upon DNA-binding ([@B20]). From this point of view, DLS and gel filtration results show that BsPif1 is consistently monomeric even in the presence of DNA and/or ATP. The study of the relationship between the unwinding rate and ATP concentration further confirmed that BsPif1 primarily functions as a monomer during DNA unwinding. (ii) We found that BsPif1 can use indifferently all (deoxy)nucleotides as energy source for DNA unwinding while it was previously reported that ScPif1 uses preferentially ATP/dATP ([@B6]). (iii) ScPif1 unwinds forked duplex DNAs more efficiently than partial duplex (ss/ds) DNAs ([@B24]). This is in sharp contrast to BsPif1 which, like human Pif1, unwinds partial duplex DNAs more efficiently than forked duplex DNAs. Although a majority of helicases prefers a forked duplex over a ssDNA tail-containing duplex for unwinding, this is not a general property shared by all helicases. For example, the helicase core of *Sgs1* recombinant protein preferentially unwinds a 3′-ssDNA tail-containing duplex compared with a forked duplex DNA ([@B40]). The apparent differences in the substrate preference between ScPif1 and BsPif1 helicases may reflect an intrinsic structural property of the proteins. Taking into account the monomeric status of BsPif1 helicase as mentioned above, one could imagine that the forked DNA substrate enforces oligomerization (e.g. dimerization) of Pif1, with beneficial and detrimental effects on helicase activity of ScPif1 ([@B20]) and BsPif1, respectively. An alternative explanation that does not necessarily involve BsPif1 dimerization, could be related to a distribution of BsPif1 monomers on the two ssDNA tails of the fork substrate, productive (on the 5′-ssDNA tail) and not productive (on the 3′-ssDA tail), respectively, in terms of DNA unwinding. In this case, the presence of the 3′-ssDNA tail in the forked DNA substrate could result in a sequestration of BsPif1 monomers and a decrease of the unwinding activity compared to the partial duplex (ss/ds) DNA. Further mechanistic studies regarding this property should be addressed. (iv) A previous study has shown that ScPif1 preferentially unwinds RNA/DNA hybrids over DNA/DNA duplexes ([@B36]). This phenomenon was interpreted as a physical basis for ScPif1-mediated telomerase disruption from telomere ([@B36]). Although some prokaryotic species possess linear chromosomes and telomeres (e.g. Streptomyces, Borrelia), most bacteria, including *Bacteroides sp. 3_1\_23*, have circular genomes and thus no telomere. We found that BsPif1 was more potent for unwinding DNA/DNA than RNA/DNA substrates. This is in accordance with the absence of telomerase in *Bacteroides sp. 3_1\_23*. However, although its RNA/DNA unwinding activity is relatively lower than DNA/DNA unwinding, BsPif1 still displays significant RNA/DNA unwinding activity, especially regarding the resolution of the R-loop structure. We believe that BsPif1 plays important roles in R-loop resolution for maintaining genome integrity since R-loop accumulation during transcription threatens genomic stability both in prokaryotic and eukaryotic organisms ([@B35]). (v) One of the most striking feature of ScPif1 helicases is that it binds strongly and unwinds more efficiently G4 DNA than the canonical double helix and other non-B form DNA secondary structures ([@B12]). However, based on both unwinding rate and reaction amplitude parameters, BsPif1 was not found to unwind G4 DNA more efficiently than a partial duplex DNA. Again, the property that BsPif1 unwinds G4 DNA as well as partial duplex substrates resembles that of human Pif1 which unwinds G4 DNA but with a lower efficiency compared with the partial duplex DNA ([@B41]). More interestingly, the ScPif1-mediated duplex DNA unwinding was greatly stimulated by the presence of a G4 motif ([@B21]) while BsPif1 did not display such a property. (vi) Finally, with regard to the ability to displace *trp* repressor from DNA, BsPif1 shares similar properties with ScPif1 and its closely related ScRrm3 helicase member. ScPif1 has been shown to disrupt telomerase from telomere and the second Pif1 family helicase ScRrm3 is thought to disrupt stable, non-nucleosomal protein--DNA complexes to avoid inhibition of the replication fork progression ([@B10]). BsPif1 and ScRrm3 sequences are homologous with 26.4% identity and 38.4% similarity. It is possible that BsPif1, like ScRrm3, possesses the ability to disrupt non-histone proteins from DNA. Our results based on the *trp* repressor system confirm that BsPif1 displays a strong activity of protein displacement. From the best of our knowledge, this is the first experimental demonstration that a Pif1 family helicase displaces non-nucleosomal protein *in vitro*. This activity may be reminiscent of the nucleoprotein disruption activity of ScRrm3 ([@B42]), which can remove RNA polymerase from the path of replication forks when replication and transcription complexes collide.

The above observation that BsPif1 enzymatically resembles more hPif1 than ScPif1 is somewhat surprising. One of the possibilities is that, until now, most of the studies relative to hPif1 have been performed with a truncated hPif1 helicase in which the N-terminal (pos. 1--205) and the C-terminal (pos. 621--641) sequences were deleted, leaving hPif1 helicase core domain (pos. 206--620). Thus, this hPif1 domain resembles the full-length BsPif1 which naturally lacks N- and C-terminal domains. Sequence alignment analysis shows that all essential structural motifs characterizing Pif1 helicases were well-conserved in BsPif1 and hPif1 helicase core without significant sequence deletion or insertion between the conserved motifs. Moreover, ScPif1 has an insertion of ≈80 amino acids between motifs IV and V which is almost absent in both BsPif1 and hPif1 proteins. This insertion may be responsible for the specific properties of ScPif1 and may explain why BsPif1 and ScPif1 display different properties. Unfortunately, deletion of this insertion sequence from ScPif1 resulted in the formation of inclusion bodies during protein expression, impeding further characterizations (data not shown). Quantitative and comparative analysis as well as kinetic parameter determination of the full length or/and truncated hPif1 and BsPif1 could provide more mechanistic comprehension about helicases of the Pif1 family. This comparison is currently under investigation in our laboratory.

In conclusion, our results show that BsPif1 resembles more human Pif1 protein than ScPif1 with regard to substrate specificity, helicase activity and mode of action. Although these comparisons are not based on experiments performed under strictly identical conditions, these comparisons of biochemical properties of Pif1 helicases may provide, at least qualitatively, biochemical basis to get deeper insight into the physiological functions of BsPif1 *in vivo* and will help to interpret future genetic study data obtained from prokaryotic model organisms encoding Pif1-like helicases.
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